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Coronary wedge pressure is the pressure recorded distal
to a stenosis while the inflated balloon occludes the coro-
nary artery during angioplasty. This pressure has been
shown to reflect actual (visible) and potential (recruit-
able) collateral flow to the stenosed artery, distal to the
angioplasty site.
In 100 consecutive vessels (91 patients) for which
coronary wedge pressure had been measured at the time
of angioplasty, the long-term (7 ± 3 months) anglo-
graphic result was evaluated. The overall angiographic
restenosis rate was 37%. It was 52% (25of 48) in arteries
with a coronary wedge pressure ~30 mm Hg and 23%
(12 of 52) in arteries with a coronary wedge pressure
<30 mm Hg (p < 0.01). The mean coronary wedge
pressure was 30 ± 10 mm Hg for vesselswith restenosis
Recurrence of stenosis after percutaneous transluminal coro-
nary angioplasty (1) occurs at a rate of 12 to 34% within
the first few months (2) and constitutes one of the major
limitations of the procedure. Several variables have been
shown to influence the rate of restenosis. Male sex, diabetes
(3) and recent, unstable or variant angina have been reported
(4-6) to have an unfavorable effect on long-term results.
The same holds true for location of the lesion in the left
anterior descending coronary artery (7) or a venous bypass
graft (3), a tight initial stenosis (8), a high degree of residual
stenosis or residual transstenotic pressure gradient and ab-
sence of a visible dissection after angioplasty (5,9).
Progression of native vessel disease after surgical coro-
nary bypass grafting has been well documented (10-12) and
has been attributed to the decreased transstenotic flow in-
duced by the graft. Postulating that native collateral flow
could have a similar detrimental effect on restenosis after
angioplasty, we used coronary wedge pressure (13,14) to
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and 26 ± 9 mm Hg for those without restenosis (p <
0.01). The prevalence of angiographically visible collat-
eral flow was 42% and 29%, respectively (p = NS).
Neither age, sex, presence of unstable angina, left ven-
tricular function, number of diseased vessels nor initial
and final transstenotic pressure gradient and degree of
stenosis were significantly associated with the long-term
outcome after angioplasty.
Restenosis rate is significantly increased when coro-
nary wedge pressure measured at the time of angioplasty
is high (~30 mm Hg). This suggests a negative influence
of competitive collateral flow on long-term results of
angioplasty.
(J Am Coli CardioI1987;lO:504-9)
estimate collateral flow at the time of angioplasty, and ob-
served its effect on the angiographic recurrence rate of 100
lesions.
Methods
Measurement of coronary wedge pressure. The coro-
nary wedge pressure was defined as the mean distal coronary
pressure measured from the tip of the dilation catheter while
the balloon was inflated in the stenosis with a pressure of
2 atmospheres. The pressure was transmitted through the
liquid column of nonionic contrast medium in the central
lumen of the balloon catheter to a Statham pressure trans-
ducer. It was measured and rounded off to the next value
dividable by five as soon as it had leveled off; this took
from 15 to 30 seconds, depending on the type of catheter
used (Fig. 1). Correct position of the balloon across the
stenosis was ascertained by fluoroscopy with simultaneous
contrast injection and documented on cine film. Before each
procedure, the pressure recording system was calibrated and
zero reference was set at three-fifths of the chest diameter
above the table level. A simultaneous tracing of the pres-
sures recorded from the guiding catheter and the tip of the
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Figure I. Pressure tracings from a 64year
old man obtained during angioplasty of
the left anterior descending coronary ar-
tery. The distal pressure can be seen to
decrease after the balloon is inflated and
it levels off after about 20 seconds to a
wedge pressure of 25 mm Hg. i.e. =
intracoronary electrocardiogram.
dilation catheter was obtained just before advancing the
latter into the coronary tree. This allowed us to check for
leaks in the tubing from both catheters to the pressure trans-
ducers. All patients received either intravenous or sublingual
nitrates before the procedure.
Occlusion gradient. This measurement was available
for 66 of the 100 treated vessels. It was defined as the
gradient between simultaneously measured mean coronary
wedge pressure and mean aortic pressure obtained from the
tip of the guiding catheter.
Transstenotic pressure gradient. This was defined as
the pressure gradient between the mean pressures recorded
from the tips of the dilation catheter and the guiding catheter.
while the deflated balloon was placed across the lesion.
Angioplasty. The details of this procedure have been
described elsewhere (15). The usual end points were a low
residual stenosis and a low transstenotic pressure gradient.
Steerable dilation catheters (Schneider Medintag, Zurich.
Switzerland) were used in all cases. The balloon sizes ranged
from 2.5 to 3.7 rnm, and the internal luminal diameters
from 0.39 to 0.55 mm.
Angiography. The diagnostic coronary angiograms could
be obtained for review for 86 of the 100 treated lesions.
They were performed 9 ± 14 days before the procedure
for lesions treated by elective angioplasty and immediately
before the procedure for those submitted to emergency an-
gioplasty.
Collateral flow was defined as present when all or part
of the vessel distal to the lesion was opacified by other than
normal anterograde flow through the target lesion. Contrast
left ventriculography was used to calculate left ventricular
ejection fraction with the single or biplane area-length method .
The left ventricular end-diastolic pressure values were also
recorded on that occasion.
Angiography of the target lesion was available f or all
vessels treated immediately before angioplasty . The degree
of stenosis was estimated from at least two projections and
expressed as percent luminal diameter reduction. Total oc-
clusion was considered present when there was complete
absence of anterograde flow through the lesion.
Study patients. Of 170 consecutive vessels in 152 pa-
tients for which coronary wedge pressure was measured at
the time of angioplasty, long-term follow-up with a control
angiogram was obtained for 100 vessels with initial suc-
cessful angioplasty. These 100 lesions constitute the study
material. and were treated in 91 patients (6 patients had two
vessels treated during the same procedure with coronary
wedge pressure measurement in both, and 3 patients were
included a second time for repeat angioplasty of the same
lesion). Of the studied vessels, 12 were subjected to emer-
gency angioplasty (in patients with ongoing acute myo-
cardial infarction) and 88 were treated with elective angio-
plasty. Thirteen vessels were believed to be responsible for
symptoms of unstable angina, and seven of the included
procedures were undertaken for recurrent stenosis. Patients
with previous coronary artery surgery were excluded.
Follow-up. During the study period, it was our policy
to suggest control coronary angiography at 6 to 9 months
for all patients undergoing angioplasty whether or not symp-
toms of ischemia were present, but the final decision was
left to the patient and the referring physician. Some degree
of selection bias is thus likely, with a higher proportion of
symptomatic than asymptomatic patients having follow-up
angiography. Angiography was performed earlier if prompted
by recurrent symptoms. Recurrent stenosis was defined as
reduction in luminal diameter > 50% at the site of previous
angioplasty.
Statistical analysis. The study patients were classified
into two groups according to the presence or absence of
restenosis at follow-up. These two groups were compared
for a number of variables using Student' s unpaired t test for
continuous data and chi-square or Fisher' s exact test for
noncontinuous data. Because previous work has shown that
a coronary wedge pressure ::::: 30 mm Hg was only observed
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with angiographically demonstrable collateral flow (func-
tional or recruitable), we further evaluated restenosi s rates
with the chi-square test using 30 mm Hg as a cutoff value
to define lesions with a high or low coronary wedge pres-
sure. Various subgroup s were compared in terms of mean
coronary wedge pressure using Student's unpaired t test.
Probability (p) values < 0.05 were considered significant.
Results
Restenosis rate. Angiographic recurrence of stenosis
was observed in 37 of the 100 arterie s successfully treated
with angioplasty. Table I shows that the two patient groups
(with and without restenosis) were not significantly different
in patient characteristics, severity of coronary disease or
symptoms and target lesion severity (angiographic luminal
diameter reduction and transstenotic pressure gradient ). The
immediate results of angioplasty , as evaluated by final
transstenotic pressure gradient and degree of stenosis, were
also comparable in the groups with and without restenosis.
Time to follow-up angiography was significantly shorter (6
± 3 months) for patients with recurrence than for those
without (7 ± 2 months) (p < 0 .05), reflecting the fact that
some patients were submitted to control angiography earlier
than 6 month s because of recurrent symptoms.
Location of lesion. Lesions situated in the left circum-
flex coronary artery had a significantly lower restenosis rate
(7%) than did those in the left anterior descending (42%)
or right (4 1%) coronary artery (p < 0.01). This finding may
reflect a selection bias, because only vessels with a favorable
configuration were considered for angioplasty in a circum -
flex artery location , or may truly indicate a lower restenosis
rate in the left circumflex coronary artery .
Coronary wedge pressure. The mean value of coronary
wedge pressure was significantly higher for the 37 vessels
with restenosis (30 ± 10 mm Hg) than for the 63 vessels
without restenosis (26 ± 9 mm Hg) (p < 0 .01) (Tabie 2).
The occlusion gradient showed a similar difference between
the two groups, but this did not achieve statistical signifi-
cance, partly because the measurement was available for
only 66 of the 100 arteries.
The presence of angiographically visible collateral flow
was noted for 42% of vessels with restenosis and 29% of
those without (p = NS). Coronary wedge pressure was sig-
nificantly higher for vessels that received angiograph ically
demonstrable collateral flow than for those without such
flow (32 ± 9 versus 25 ± 9 mm Hg, p < o.con. The
collateral vessels were contralateral in origin for 23 vessels,
ipsilateral for 2 and both for 4.
The restenosis rate was 48% fot total occlusion and 34%
for stenosis (p = NS). Coronary wedge pressure for vessels
with total occlusion was 3 1 ± 10 mm Hg compared with
26 ± 10 mm Hg for vessels with stenosis (p < 0.05). When
the coronary wedge pressure of II vessels with acute total
Table 1. Characterist ics of 100 Coronary Lesions With Restenosis and Long-Term Success
Characteristics Restenosis Long-Term Success p
No. of lesions 37 63
No. of patients* 36 59
Age (yr) 54 ± 10 56 ± 9 NS
Men (no.) 29 of 37 (78%) 50 of 63 (79%) NS
Previous MIt 16 of 34 (47%) 24 of 54 (44%) NS
Unstab le anginat 5 of 34 (15%) 8 of 54 (15%) NS
Emergency angioplasty 3 of 37 (8%) 9 of 63 (14%) NS
Repeal angioplasty 4 of 37 (11%) 3 of 63 (5%) NS
Mult ivessel disease 12 of 37 (32%) 28 of 63 (44%) NS
Lesion in LAD 27 of 37 (73%) 37 of 63 (58%) NS
Lesion in LCx I of 37 (3%) 13 of 63 (21%) < 0.05
Lesion in RCA 9 of 37 (24%) 13 of63 (2 1%) NS
Visible collateral flowj 13 of 31 (42%) 16 of 55 (29%) NS
LVEFt 62 ± 12% 60 ± 12% NS
LVEDPt (mm Hg) 14 ± 6 13 ± 4 NS
Initial stenosis (%) 88 ± 10 85 ± II NS
Tota l occlusion II of 37 (30%) 12 of 63 (19%) NS
Residual stenosis (%) 22 ± 14 21 ± 13 NS
Initial pressure gradient (mm Hg) 55 ± 12 51 ± 13 NS
Residual pressure gradient (mm Hg) 12 ± 8 13 ± 8 NS
Coronary wedge pressure (mm Hg) 30 ± 10 26 ± 9 < 0.0 1
Occlusion gradient (mm Hg)§ 63 ± 14 67 ± 12 NS
Time to follow-up (mo) 6 ± 3 7 ± 2 < 0.05
Recurrent symptoms 26 of 37 (70%) 10 of 63 (16%) < 0.00 1
*Some of the 91 patients appear in both groups; t for 88 vessels with elective angioplasty; t available for 86 of 100 vessels; §available for 66 of 100
vessels. LAD = left anterior descending coronary artery; Lex = circumflex coronary artery; LVEDP = left ventricular end-diastolic pressure; LVEF
= left ventricular ejection fraction ; MI = myocardial infarction; NS = not significant.
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Discussion
Role of collateral coronary flow in restenosis after
angioplasty. Coronary wedge pressure has been shown
(13,14,16) to reflect reproducibly and reliably collateral flow
to the vessel segment distal to the inflated balloon during
angioplasty. Because balloon occlusion creates zero flow
conditions through the lesion for all degrees of stenosis, the
coronary wedge pressure not only reflects collateral channels
that are already functional and angiographically visible in
the baseline state, but also those that are recruitable (that
is, in a "standby" state) (14). It has also been well docu-
mented (17) that previously visible collateral channels are
no longer apparent angiographically after successful angio-
plasty.
Our data show that a high (:::::30 mm Hg) coronary wedge
pressure is significantly associated with a more than twofold
increased incidence of restenosis at long-term follow-up.
The restenosis rate was 52% for vessels with a high coronary
wedge pressure and 23% for those with a low «30 mm
Hg) coronary wedge pressure. This negative influence of a
high distal occlusive pressure on long-term success re-
mained significant when the subgroups of lesions with a
icant difference when compared for coronary wedge pres-
sure measured at the time of angioplasty (30 ± II versus
32 ± 9 mm Hg, respectively, p = NS).
Repeat angioplasty. This was carried out for 29 (78%)
of the lesions with recurrence, and coronary wedge pressure
was measured again in 11 of them. It had increased slightly
but not significantly when compared with the first procedure
(from a mean of 26 ± 11 to 30 ± 10 mm Hg after 5 ±
2 months). There was no difference if! the severity of re-
stenosis for lesions with a high or a low coronary wedge
pressure (81 ± II versus 81 + 9%, respectively), The
mean degree of restenosis was 84 + 13% for previously
100% occluded lesions, and 80 ± 9% for previously stenotic
lesions (p = NS).
Lesions without control angiography. Of 70 vessels
with an initial coronary wedge pressure measurement but
without follow-up angiography, 2 had had previous bypass
surgery. The 68 remaining vessels had a mean coronary
wedge pressure of 32 ± 13 mm Hg, and this was signifi-
cantly higher than the 28 ± 10 mm Hg measured for the
100 vessels with subsequent angiographic control (p < 0.01).
Thirty-eight of the 68 lesions were located in the left anterior
descending (56%), II in the left circumflex (16%) and 19
in the right (28%) coronary artery. These vessels were ste-
nosed in 54 cases (79%) and occluded in 14 cases (21%).
It is possible that the higher coronary wedge pressure in this
group afforded improved protection against symptoms and
influenced the clinical decision to abstain from control an-
giography.
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Figure 2. Restenosis rate after balloon angioplasty in relation to
coronary wedge pressure in 100 vessels. The restenosis rate of
lesions situated in vessels with a coronary wedge pressure <30
mm Hg is roughlyhalf of that observedfor vesselswith a coronary
wedge pressure :::::30 mm Hg.
80,---------------,
(n)
O~"""'<.<L-.=u=-..uLJ.=__....JlL.I.Oil.d......L4ULl.....J{LLLL.d~
occlusion was compared with that of 12 vessels with chronic
total occlusion, the values were different (28 ± 8 and 34
± II mm Hg, respectively), but this difference fell just
short of statistical significance.
The rate of restenosis was examined for different values
of coronary wedge pressure (Fig. 2). With a coronary wedge
pressure <30 mm Hg, the restenosis rate was 23%; with a
coronary wedge pressure of :::::30 mm Hg, the restenosis
rate was 52% (p < 0.01). Thus, a coronary wedge pressure
:::::30 mm Hg had a predictive value for recurrence of stenosis
of 52%, and a coronary wedge pressure <30 mm Hg had
a predictive value for long-term success of 77%.
The association of a high coronary wedge pressure with
an increased recurrence rate was present in both the subgroup
with total occlusion (recurrence rate of 69 and 20%, re-
spectively, for coronary wedge pressures :::::30 and <30 rpm
Hg, p < 0.05) and the subgroup with stenosis (46 and 24%,
respectively, p < 0.05).
Follow-up. At follow-up, 16% of lesions without reste-
nosis were associated with recurrent symptoms; all but one
were in patients with significant coronary disease elsewhere.
In contrast, 70% of the lesions that had developed restenosis
were associated with symptoms (p < 0.001). Patients with
symptomatic or asymptomatic restenosis showed no signif-
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Subgroup
Lesions with restenosis
Lesions with long-term success
Total occlusions
Total acute occlusions
Total chronic occlusions
Stenoses
Visible collateral flow
No visible collateral flow
LAD
LCx
RCA
No. of
Vessels
37
63
23
II
12
77
29
57
64
14
22
CWP
(mm Hg)
30 ± 10*
26 ± 9*
31 :t lOt
28 :t 8
34 :t I I
26 :!: lOt
32 ± 9t
25 ± 9t
28 :t 10
29 ± 13
26 ± 7
*p < 0.01; tp < 0.05; tp < 0.001. CWP = coronary wedge pressure; other abbreviations as in Table I.
complete occlusion (restenosis rate of 69 versus 20%) and
those with stenosis (46 versus 24%) were considered.
The mean coronary wedge pressure for arteries with an-
giographically visible collateral flow was significantly higher
than that of arteries without collateral flow (Table 2), even
though some of the lesion s in the group of vessels without
visible collateral channels were probably not severe enough
to recruit potential collateral flow. Thus, a number of arterie s
with a high coronary wedge pressure were included in that
group , increasing the mean pressure value. Previous work
(14) has shown that the mean coronary wedge pressure for
a group of arteries receiving no angiographically demon-
strable collateral flow , either functional or recruitable, was
18 ± 4 mm Hg. As has been previously noted (16.18).
coronary wedge pressure is one of the determinants of the
transstenotic gradient; a high wedge pressure will lower the
gradient both before and after angioplasty and limit its use-
fulness in assessing stenosis severity. We found no corre-
lation between pre- or postangioplasty transstenotic gra-
dients and long-term results.
Previous studies. Other workers have reported a similar
detrimental effect of collateral flow on long-term angio-
plasty result s. Dervan et al . ( 16) observed a higher restenosis
rate for a chronic total occlusion than for stenosis after
angioplasty, and measured a significantly higher coronary
wedge pressure (35 ± 10 mm Hg) in eight patient s with
occlusive lesions than in a group with stenosis and no visible
collateral flow (20 ± 7 mm Hg) . Although effects of coro-
nary wedge pressure on recurrence of stenosis were not
reported , these figures are in accordance with our own .
Probst (18) recently reported an increa sed restenosis rate
associated with angiographically well developed collateral
channels; a high coronary wedge pressure (sys tolic occlu-
sion pressure > 45 mm Hg) was significantly associated with
recurrent lesions in a group of 47 patients, but neither degree
of coronary obstruction nor left ventricular function before
angioplasty was given.
Coronary pressure distal to a total occlu sion has also been
measured during surgical coronary bypass operations. Al-
though such measurements were carried out on empty fi-
brillating hearts during hypothermia , they were found to
correlate well both with retrograde flow and the degree of
preoperative angiographically visible collateralization (19).
After surgical bypass procedures, an accelerated pro-
gression in the severit y of bypassed coronary lesions is often
observed during the first few months (10 , II). It is tempting
to establi sh a parallel between native collateral flow and
that induced by surgical bypass graft s. Both situations lead
to increased distal pressure and , therefore , decrease flow
through the lesion. Reduced transstenotic flow has been
considered the most plau sible explanation for accelerated
disease in bypassed coronary vessel s (12).
Our data support the hypothesis that decreased flow through
a lesion treated with angioplasty, due to high distal pressure
induced by collateral flow, has a detrimental effect on long-
term results. To the familiar concept that collateral channels
are formed as a respon se to stenosis. one might, therefore.
add the somewhat paradoxic notion that stenosis may recur
as a response to collateral flow.
Technical limitations. Several difficulties must be taken
into account when measuring coronary wedge pressure . Ex-
cessive inflation pressure must be avoided during the equil-
ibrat ion and measuring period s. The material used for this
study allows reliable distal pressure measurements with bal-
loon inflation pressures of up to 10 atmospheres (14). All
measurements were done at 2 atmospheres, and sufficient
time was allowed for the pressure curve to reach a steady
state. We did not attempt to measure the coronary wedge
pressure with catheters that had a lumen < 0. 39 mm . The
coronary wedge 'pressure may occa sionall y be rendered spu-
riously low when the ostium of a collateral branch flowing
into the artery just distal to the stenosis is occluded by the
inflated balloon.
Determinants of coronary wedge pressure. There may
be other significant determinants of coronary wedge pressure
besides collateral flow . Variations in mean aortic pressure
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can be of importance, but because patients undergoing an-
gioplasty are usually in a stable hemodynamic state, these
variations do not appear to be a major factor. The occlusion
gradient is an index of coronary wedge pressure adjusted
for the mean aortic pressure. Its trend was similar to that
of coronary wedge pressure (Table I). Coronary spasm and
variations in arteriolar tone in the vessels supplying both
ischemic and nonischemic myocardium could induce steal
or reversed steal (20) through the collateral channels, and
nitrates have been shown to decrease collateral resistance
in the fibrillating heart (19). All our patients were studied
after administration of either sublingual or intravenous ni-
trates. It has been shown in the dog that collateral flow to
the distal part of an occluded vessel follows a waterfall
mechanism (21,22), and extravascular and diastolic intra-
myocardial pressures therefore probably contribute to col-
lateral flow and coronary wedge pressure. We found no
significant difference in mean left ventricular end-diastolic
pressure or ejection fraction among the groups with and
without restenosis, but these values were not obtained si-
multaneously with coronary wedge pressure measurements.
The level of coronary wedge pressure that is sufficient
to maintain coronary flow at rest is difficult to determine.
Rouleau et al. (23) reported unchanged coronary flow in
anesthetized open chest dogs for perfusion pressures varying
between 55 and 100 mm Hg. In patients, Klocke et al. (24),
using an inert gas technique, found that collateral flow sup-
plying active myocardium distal to a total occlusion was
only half the average normal value for basal conditions.
Meier et al. (14) showed that a coronary wedge pressure of
41 ± II mm Hg was associated with an unchanged elec-
trocardiogram during angioplasty and transient coronary oc-
clusion.
Clinical implications. These data may help to gain a
better understanding of the pathophysiology of restenosis
after coronary angioplasty, and the complex interactions that
exist between coronary stenosis and collateral flow. In prac-
tical terms, coronary wedge pressure measurement at the
time of angioplasty allows a more accurate prediction of
long-term results.
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